1 Diarrhetic shellfish toxins (DSTs) are produced by the marine dinoflagellate, 2 Dinophysis, as well as select species of benthic Prorocentrum. The DSTs can 3 bioaccumulate in shellfish and cause gastrointestinal illness when humans consume high 4 levels of this toxin. Although not routinely monitored throughout the U.S., recent studies 5 in Washington, Texas, and New York suggest DSTs may be widespread throughout U.S. 6 coastal waters. This study describes a four-year time series (2013-2016) of Dinophysis 7 concentration and DST level in California mussels (Mytilus californianus) from Santa 8 Cruz Municipal Wharf (SCMW) in Monterey Bay, California. Results show a maximum 9
Introduction 24
Harmful algal blooms (HABs) include any phytoplankton event that negatively 25 impacts human health, socioeconomic interests, or aquatic ecosystems (Anderson et al., 26 2012) . Over the past several decades, negative economic and ecosystem impacts of 27
HABs have been increasingly observed worldwide (Hallegraeff, 1993; Anderson et al., 28 2012 ). The majority of toxin-producing HABs in marine waters are caused by 29 dinoflagellates, and include several well-documented syndromes such as paralytic 30 shellfish poisoning (PSP), neurotoxic shellfish poisoning (NSP), Ciguatera fish poisoning 31 (CFP), and diarrhetic shellfish poisoning (DSP; Smayda, 1997; Burkholder, 1998; FDA, 32 2011 ). The illness DSP is caused by a suite of lipophilic algal toxins referred to as 33 diarrhetic shellfish toxins (DSTs). The suite of DSTs include okadaic acid (OA) and its 34 analogues: dinophysistoxin 1 (DTX-1) and dinophysistoxin 2 (DTX-2; Reguera et al., 35 2014) . When high levels of DSTs bioaccumulate in seafood and are consumed by 36 humans, they cause nausea, vomiting, diarrhea, abdominal pain, headache, and fever, all 37 of which generally pass within a few days (Cohen et al., 1990; Cordier et al., 2000; FDA, 38 2011 ). In addition to causing gastrointestinal illness, okadaic acid has been demonstrated 39 to promote tumors in rodents (Fujiki and Suganuma, 1999) . 40
Diarrhetic shellfish toxin production and contamination in shellfish is mainly 41 associated with toxigenic species within the dinoflagellate genus Dinophysis (Yasumoto 42 et al., 1980; Yasumoto et al., 1985; Reguera et al., 2014) . In addition, multiple benthic 43 species of Prorocentrum have also been found to produce DSTs (Lee et al., 1989; Dickey 44 et al., 1990; Marr et al., 1992) Historically, additional toxins were grouped together with 45 5 cultured mussel tissue was associated with 13 illnesses in Nova Scotia, Canada (Quilliam 70 et al., 1993) . These studies generally found correlations to D. norvegica, D. acuminata or 71 P. lima either in the water column or in shellfish gut analysis. A study by Marr et al. in 72 1992 isolated P. lima off the Atlantic Coast of Nova Scotia and confirmed the production 73 of okadaic acid and DTX-1 in the isolates. While these studies detected relatively high 74 levels of DST, other studies along U.S. coasts found low DST content in shellfish 75 (Maranda and Shimizu, 1987 ; Morton et al., 1999) , and low toxicity in Dinophysis strains 76 (Morton et al., 1999; Hackett et al., 2009 ). The findings of low toxicity Dinophysis and 77 low levels or no DST in shellfish, combined with a lack of clinical reports of DSP prior to 78 2011 (Trainer et al., 2013) has resulted in DSTs often being overlooked as a public health 79 hazard in the U.S. 80
While not the first studies to find DSTs in North American shellfish, multiple 81 recent studies have documented high levels of DST and brought increased attention to 82 this toxin in the U.S. In 2008, the first shellfish harvesting closure as a result of DSTs in 83 the U.S. occurred in Texas. High concentration of DST was found in oysters 84 (Crassostrea virginica) with a maximum concentration of 470 ng/g, almost three times 85 the FDA guidance level of 160 ng/g (Deeds et al., 2010) . Oyster harvesting in Texas has 86 been closed multiple times since this first event (Texas Health and Human Services, 87 2014a, 2014b). In the summer of 2011, high levels of DST in shellfish in the Pacific 88 Northwest led to three illnesses in Washington State, marking the first clinical report of 89 DSP in the U.S., and 62 illnesses in British Columbia, Canada (Trainer et al., 2013; 90 Taylor et al., 2013) . During this event, a maximum concentration of 1603 ng/g DST was 91 measured in blue mussels from Washington, resulting in a shellfish harvesting closure 92 6 (Trainer et al., 2013) . The maximum DST concentration in mussels from British 93 Columbia during the same time period were found to have a maximum concentration of 94 860 ng/g DST (Taylor et al., 2013) (Weber, 2000) . In 2004-2005, California mussel tissue tested for DSTs were 131 positive for both OA and DTX-1 at low levels (Sutherland, 2008 volumes of water at 0, 1.5, and 3 meters depth, which were then mixed together in a 148 plastic container. To collect a net tow sample, a 20 μm mesh phytoplankton net was 149 vertically dragged through 15.24 m of water (dropped to 3.05 m, then, pulled to the 150 surface 5 times), following standard methods employed by the California Department of 151
Public Health (CDPH) monitoring program. 152
Dinophysis analyses 153
Cell counts were conducted by settling 50 mL of depth integrated whole water 154 (preserved with Lugol's iodine solution) in an Utermöhl settling chamber. Counts were 155 done on a Zeiss Axiovert 200 inverted microscope. The entire slide was counted for a 156 majority of samples (N=146), with a detection limit of 20 cells/L. When phytoplankton 157 biomass was unusually high, such as during a bloom, 10 random fields of view were 158 selected for enumeration, resulting in a detection limit of 600 cells/L. This counting 159 method was applied to 54 samples, most of which contained Dinophysis. Eleven of these 160 samples had zero Dinophysis, but because of the high limit of detection, these eleven 161 (1-10%), common (10-50%), and abundant (>50%). For this study, Dinophysis RAI data 179 was binned into categories of absent (0%) or present (>0%). 180
Diarrhetic shellfish toxin analyses 181
California mussels (Mytilus californianus) were collected weekly from SCMW as 182 part of the CDPH Biotoxin Monitoring Program. Santa Cruz does not have any 183 commercial shellfish growing areas; however mussel beds along this area of the coast are 184 open to recreational mussel harvesting, except during the annual closure (May 1 -185 October 31; CDPH website) The mussels deployed at SCMW were initially collected 186 from the intertidal zone at Davenport Landing Beach, put into mesh bags of 187 approximately 30 mussels per bag and maintained for various durations in a flowing 188 seawater table of sand filtered water (30 μm pore size) at University of California, Santa 189
Cruz Long Marine Laboratory. These bags were deployed off a platform at SCMW for at 190 least one week. Each week, one bag of mussels was removed from the wharf and brought 191 into the laboratory for processing. The mussels were not tested for DSP toxin prior to 192 deployment at the wharf, and may have been exposed to DSTs at Davenport Landing 193 Beach. 194 In the laboratory, mussels were shucked and all tissues from 20-30 mussels, 195 except for the white fibrous muscle tissue, was removed, drained with a colander, and 196 homogenized using a Waring Xtreme Hi-Power Blender. Homogenized tissue was 197 frozen at -20 °C until analysis. A 2 g aliquot of this tissue homogenate was extracted and 198 hydrolyzed following a slightly modified version of the methods described by Gonzalez et al. negative mode using an Agilent Poroshell 120 SB-C18, 2.1x50mm, 2.7µm (with 1.7µm 206 solid core) particle size column with matching guard column. A gradient elution 207 (modified from Louppis et al., 2010) started with 95% water with 2 mM ammonium 208 formate and 50 mM formic acid (A) and 5% acetonitrile with 50 mM formic acid (B) for 209 1 minute, then to 60% A at 6 minutes, and 5% A at 8 minutes, held until 11 minutes 210 before returning to initial conditions. Injection volume was 50 µL and flow rate was 0.85 211 mL/min. Okadaic acid, DTX-1, and DTX-2 were monitored using masses 803.5 (OA, 212 DTX-2) and 817.5 (DTX-1). Quantification was based on mass and time, with an external 213 standard curve using certified reference material from NRC-Canada. Minimum Detection 214 Limits (MDL) were 0.5, 0.75, and 1.0 ng/mL on-column, equivalent to 5.0, 7.5, and 10.0 215 ng/g tissue. A chromatogram of the certified reference material standards for okadaic 216 acid, DTX-1, and DTX-2 is provided in Fig. 1 . 217
As previously noted, DSTs are produced by both pelagic Dinophysis and benthic 218
Prorocentrum. While mussels growing in beds on the benthos might be regularly 219 ingesting resuspended benthic phytoplankton (Muschenheim and Newell, 1992) , in this 220 experimental design, the degree of spatial separation between mussels deployed on a rope 221 suspended in the water column compared to the benthos suggest that benthic 222 phytoplankton would likely make up a small portion of these mussels' diet (Nielsen et al., 223 2016 ). This would imply that benthic Prorocentrum was relatively unavailable to the 224 mussels in this study. 225
Environmental sample collection 226
The depth integrated whole water sample was used to determine all environmental 227 variables. Water temperature was measured at the time of collection at SCMW using a 228 NIST-traceable digital thermometer. Beginning March 11, 2015, salinity measurements 229 were conducted in the laboratory using an ECOSense EC300A salinometer. Prior to that 230 date, salinity was calculated from formalin preserved samples using an YSI 3100 231 Conductivity Meter, cross-calibrated with a YSI 6600v2 sonde deployed at SCMW as 232 part of the Central and Northern California Ocean Observing System (CeNCOOS). A 233 subset of samples was also analyzed using both the formalin-preserved sample and the 234 fresh sample to ensure continuity and intercomparability of the discrete samples. 235
Chlorophyll a concentration was determined by filtering sample water, in duplicate, onto 236 a ~0.7 μm glass fiber filter (Whatman GF/F) and extracted for 24 hours in 90% acetone. 237
Extracts were read on a Turner 10AU fluorometer using the non-acidification technique 238 (Welschmeyer, 1994) . Water samples were analyzed for ammonium concentrations 239 using the OPA method and read on a TD700 fluorometer (Holmes et al., 1999) . Urea at the time of this study, there were insufficient data to attempt more sophisticated 255 analysis (e.g. Campbell et al., 2010) . 256
Statistical Analyses 257
The relationship between Dinophysis and DSTs in mussels was evaluated two 258 ways. First, a Wilcoxon rank sum test was used to determine if the median DST 259 concentration in California mussels when Dinophysis was present in the net tow sample 260 was greater than when Dinophysis was absent. This non-parametric alternative to the t-261 test was chosen because toxin distribution was not normally distributed. Second, 262
Dinophysis cell concentrations were compared to DST concentrations using logistic 263 regression. Logistic regression was chosen because it allowed toxin data to be binned 264 around a relevant threshold and also allowed the data to be modeled without 265 transformation. The concentration of DST in mussel tissue was binned as greater than or 266 less than 100 ng/g. This level was chosen as a way to group toxin into a "low" category 267 and a "higher" category that approached the FDA regulatory limit (160 ng/g). A second 268 logistic regression was run for toxin binned by presence/absence in mussel tissue. The 269 logit link function was used to produce the logistic regression output in terms of the 270 predicted probability of mussel tissue containing toxin greater than 100 ng/g, or 271 presence/absence of toxin, for a given Dinophysis concentration. Okadaic acid (OA), dinophysistoxin 1 (DTX-1) and dinophysistoxin 2 (DTX-2) were all 306 detected during the study period ( Fig. 2B ). DTX-2 dominated the toxin profile found in 307 mussel tissue during this study. Okadaic acid was consistently found every year, but at 308 low levels. DTX-1 was only detected during 9 weeks of this study. 309
Seasonal Trends 310
Concentrations of genus-level Dinophysis showed a clear seasonal cycle at 311 SCMW (Fig. 3A ). The concentration of Dinophysis cells generally began to increase in 312
March and peak in the summer months of June and July, with a smaller peak occurring in 313 the fall, around October. Concentrations of Dinophysis had a median value of zero for 314
December, January and February. 315
The seasonal trends of DST in mussel tissue are more variable than the seasonal 316 trends observed in Dinophysis cell concentrations (Fig. 3B ). Median toxin concentration 317 increases to a detectable level in March, with the highest median values occurring in May 318 and June. Toxin trends from June-November and January-February were characterized 319 by extremely high interannual variability. Interestingly, the month of December had a 320 non-zero median value and low interannual variability. Toxin seasonality appears to 321 16 track Dinophysis seasonality from January through May, but the relationship was unclear 322 from June through December. 323
Dinophysis as a predictor of DST concentration in California mussels 324
Concentration of DST in California mussel tissue was significantly greater during 325 weeks when Dinophysis was present in a net tow sample (median = 19.99 ng/g, mean = 326 62.80 ng/g) than in weeks Dinophysis was absent from the new tow sample (median = 0 327 ng/g, mean = 23.87) (Wilcoxon rank sum test: W=2356, p=0.00004) (Fig. 4A ). Despite 328 this difference in median, the range of toxin concentrations in each distribution was not 329 distinct. 330
The results of a logistic regression using genus-level Dinophysis cell concentration as 331 a predictor of toxin level greater than or less than 100 ng/g in mussel tissue is plotted in 332 Fig. 4B . This level (100 ng/g) was chosen as a threshold to mark when toxin in mussel 333 tissue begins to approach unsafe levels. The probability of mussel tissue containing toxin 334 greater than 100 ng/g significantly increases with increasing Dinophysis concentration, 335 but there was a high level of uncertainty represented by the wide confidence intervals 336 seen in Fig. 4B (log-odds ratio = 0.00020, p = 0.0447). When no cells were present, there 337 was a 16% probability mussel tissue would contain toxin at a concentration greater than 338 100 ng/g. When cell counts were high, there were fewer data to constrain this 339 relationship and variability became too high to make an accurate prediction. A logistic 340 regression was also conducted with presence/absence of toxin in mussels as the binary 341 response variable. Results of this second logistic regression were not statistically 342 significant (log-odds ratio 0.00017, p=0.13), indicating cell concentration data alone were 343 a weak predictor of toxin presence/absence in mussel tissue. 344
Environmental predictors of Dinophysis 345
A stepwise multiple linear regression (MLR), run forward and backward, was used to 346 begin to explore which environmental conditions are associated with Dinophysis 347 concentrations at SCMW. Relevant environmental variables collected as part of the 348 SCMW time series and known to be associated with phytoplankton ecology are shown in 349 Fig. 5 because the Lugol's preserved cell counts were conducted as an effort to enumerate the 374 total phytoplankton population and were leveraged for use in this study, the total raw 375 count for some of the more rare Dinophysis species from table 2 was often low. For 376 example, D. acuta was present in 12% of the weekly samples, however, there were never 377 more than 1 or 2 cells counted in the 50 mL sample settled onto the slide. The yearly maximum DST concentration from these three years ranged from 2-3.5 times 391 the FDA guidance level (562.9, 439.0, and 377.7 ng/g). During the 2011 event on the 392 West Coast of the U.S. that marked the first clinical report of DSP in the U.S., the 393 maximum DST in blue mussels from Washington State was recorded as 1,603 ng/g, but 394
the concentration for mussels collected within a few days of the reported illnesses were 395 found to range from 2-10 times the FDA guidance level (Trainer et al., 2013) . At 396 SCMW, the maximum DST concentration in shellfish was overall lower than the 397 maximum concentration measured in 2011 in Washington, but the SCMW maximum Previous studies and publicly available data for Monterey Bay report Dinophysis 442 concentrations similar to, and occasionally higher than, those observed in this study 443 (Table 3) . In particular, a study from 2005 identified D. fortii as the dominant species of 444
Dinophysis at SCMW with a mean cell concentration of 2,300 cells/L and a maximum 445 cell concentration of 21,000 cells/L, over double the maximum cell concentration 446 observed in this study (Sutherland, 2008) . Two additional records of Dinophysis 447 concentration approaching 20,000 cells/L include June 1999 and October 2011 (Weber, 448 2000; Southern California Coastal Ocean Observing System, 2017). While this study 449 presents the first published long-term record of paired Dinophysis concentration and DST 450 level in mussels in Monterey Bay, past data suggests a longer paired record is needed in 451 order to capture the levels of DST in mussels when Dinophysis reaches concentrations on 452 the order of 20,000 cells/L, as has been recorded in the past at SCMW. 453
The relationship between Dinophysis cells and toxin levels in shellfish is known 454 to be complex and is dependent on multiple confounding factors. As expected, the 455 distribution of toxin concentrations in mussel tissue when Dinophysis is present in a net 456 tow sample is significantly higher than when it is absent, but these distributions overlap. 457
Additionally, when looking at Dinophysis concentration data, when the concentration is 458 zero, logistic regression shows there is still a 16% chance mussel toxin will be over 100 459 22 ng/g, a concentration approaching the FDA guidance level. Ultimately, this study found 460 that when Dinophysis is present at SCMW, that does not mean that toxin will be found in 461 the mussels, and similarly, when Dinophysis is absent, that does not mean mussels will be 462 free of toxin. Toxin level in shellfish is affected by the percentage of the mussel's diet 463 that is composed of Dinophysis, mussel depuration rates (which can vary by season), and 464 the toxin quota of the Dinophysis cells present (Reguera et al., 2014) . With the current 465 state of knowledge for this system, the only way to be sure of the toxin level in mussel 466 tissue is through direct testing. other potential toxin producers were found in low concentrations ( Table 2) 
. The 501
Dinophysis population in 2013 was dominated by D. acuminata complex, while both D. 502 acuminata complex and D. fortii dominated in 2014. The presence/absence of each 503 species was compared to water temperature to determine if either of the two most 504 common species was associated with a specific temperature regime. Based on this 505 study's observations, it appears that D. fortii may prefer a higher temperature range; 506 however, the temperature range for D. acuminata complex was not found to be 507 significantly different from that of D. fortii (p=0.09681). Sutherland (2008) found the 508 average temperature when D. acuminata was present to be 15.9° C, while the average 509 temperature when D. fortii was present to be 16.1° C; however, no test to determine if 510 there was a significant difference was performed in that analysis. A longer data set or 511 laboratory experiments will be required to describe Dinophysis species temperature 512 preferences with more confidence, and to determine if the temperature range for D. fortii 513 is significantly different from that of D. acuminata complex at SCMW. Understanding 514 species-specific temperature preferences could aid in predictions of Dinophysis species 515 concentrations under various scenarios and ultimately inform predictions of DST 516 concentration in seafood. 517
Conclusions 518
At SCMW, Dinophysis is present year-round and DST is present in shellfish at persistent 519 low levels throughout the year, with occasional peaks above the FDA guidance level. DTX-1, and DTX-2, analyzed by LCMS with Selected Ion Monitoring as described in the 554 text. Note that OA and DTX-2 were in one run, and DTX-1 was in a second run, with the 555 two sets of chromatograms overlaid to indicate the peak separation. Peak identification 556
for unknowns was based on mass to charge ratio (m/z) and retention time, compared to 557 reference material standards included in each analytical run. Representative 558 chromatograms are shown for peak toxin levels of (B) 28 May 2013, (C) 6 May 2014, 559
and (D) 10 June 2015. 560 from logistic regression model of mussel tissue toxin greater than 100 ng/g in relation to Dinophysis concentration (cells/L). This model has a scatterplot overlay with data from SCMW that went into the logistic regressionsamples with toxin greater than 100 ng/g are plotted along y=1.00 and samples of toxin less than 100 ng/g are plotted along y=0.00, both in relation to Dinophysis concentration. Point size relates to the number of samples (N) for a given Dinophysis concentration. 
